Objective To investigate the association between iron intake and iron status with Barrett's esophagus (BE) and esophageal adenocarcinoma (EAC). Methods A total of 220 BE patients, 224 EAC patients, and 256 frequency-matched controls completed a lifestyle and food frequency questionnaire and provided serum and toenail samples between 2002 and 2005. Using multiple logistic regression, odds ratios (OR) and 95% confidence intervals (95% CI) were calculated within quartiles of intake/status. Results Comparing the fourth to the first quartile, ferritin (OR 0.47; 95% CI: 0.23, 0.97) and transferrin saturation (OR 0.41; 95% CI: 0.20, 0.82) were negatively associated with BE; while total iron binding capacity was positively associated per 50 lg/dl increment (OR 1.47; 95% CI: 1.12, 1.92). Comparing the fourth to the first quartile, iron intake (OR 0.50; 95% CI: 0.25, 0.98), non-heme iron intake per 10 mg/day increment (OR 0.29; 95% CI: 0.08, 0.99), and toenail iron (OR 0.40; 95% CI: 0.17, 0.93) were negatively associated with EAC; while heme iron intake was positively associated (OR 3.11 95% CI: 1.46, 6.61). Principal conclusion In contrast to the hypothesis that increased iron intakes and higher iron stores are a risk factor for BE and EAC, this study suggests that higher iron intakes and stores may have a protective association with BE and EAC, with the exception of what was found for heme iron intake.
Introduction
Incidence of esophageal adenocarcinoma (EAC) has dramatically increased in recent decades and is the most rapidly increasing cancer in the United States and Western Europe [1] [2] [3] [4] . Despite improvements in surgery and chemotherapy, the outlook for patients diagnosed with EAC remains poor, with a 5-year survival rate of less than 20% [5, 6] . Barrett's esophagus (BE) is a metaplastic change of the distal esophagus in which the normal stratified squamous epithelium is replaced by specialized intestinal columnar epithelium; a potential complication of chronic gastro-esophageal reflux (GER). Although BE patients have an overall approximately 30-to 125-fold increased lifetime risk of developing EAC, their absolute risk is less than 1% per year [7] . Nevertheless, successful BE and EAC prevention depends on the identification of modifiable risk factors.
One proposed modifiable risk factor for both BE and EAC is high iron intake and/or elevated iron stores. Increased cancer cell division occurs in the presence of iron [8, 9] , and it has been demonstrated that rates of EAC were tenfold higher in rats treated with iron (intraperitoneal injection of iron dextran (*50 mg Fe/kg/month)) than that in untreated rats [10] [11] [12] . A constant balance between iron uptake, transport, storage, and utilization is required to maintain iron homeostasis and prevent the potential formation of hydroxyl radicals that may contribute to the development of EAC. However, the human data that exists has been conflicting [13] [14] [15] [16] [17] [18] [19] [20] . The aim of the present study was to investigate the association between iron intake and iron status with BE and EAC, using data and samples collected as part of an all-Ireland case control study, the Factors INfluencing the Barrett's Adenocarcinoma Relationship (FINBAR) study.
Materials and methods

Subjects and design
Study methods have been described in detail elsewhere [21] . Briefly, the FINBAR study commenced in Ireland in March 2002 and continued until July 2005. The study included three groups: (a) patients with EAC, (b) patients with longsegment BE, and (c) normal population controls, recruited from Northern Ireland and the Republic of Ireland.
EAC cases were patients (aged \85 years) with histologically confirmed adenocarcinoma; with verification that the tumor was located in the esophagus. In situ cancers were not included. BE cases were included if they had long length BE at endoscopy ([3 cm) and specialized intestinal metaplasia without dysplasia on histological examination. Both incident and prevalent cases were included. Population controls were aged 35-84 years without a history of esophageal or other gastro-intestinal cancer, or a known diagnosis of BE. They were selected at random from general practitioner lists in Northern Ireland and the Dublin and Cork areas. Controls were frequency matched by sex and 5-year age band to the distribution of EAC patients, to ensure that the age and sex profile of BE patients and population controls resembled that of the EAC cases.
All subjects underwent a structured computerized interview with trained interviewers using a modified version of the semiquantitative European Prospective Investigation into Cancer and Nutrition (EPIC) food frequency questionnaire (FFQ) [22] . Information was collected on non-steroidal anti-inflammatory drugs (NSAID) use (weekly use for 6 months or more; cards with generic and brand names were provided for the subjects to aid memory recall), gastroesophageal reflux (GER) symptoms (ever/never; defined as symptoms of heartburn and/or acid reflux occurring at least once weekly ([50 times per year) more than 5 years before interview), smoking status (never, former, current; current smokers defined as smokers who had smoked at least one cigarette daily for C6 months 5 years before interview date. Previous smokers were those smokers who had quit smoking more than 5 years before interview date. People who had never smoked, who had smoked \100 cigarettes in their lifetime, or who had smoked \1 cigarette daily for C6 months were defined as never smokers), education (years), occupational type (manual/non-manual), and alcohol consumption (g/wk). Anthropometric measures, including height and weight were recorded at the time of interview, and body mass index (BMI) 5 years before the interview date was calculated by dividing self-reported weight in kilograms by current height in meters squared.
A 30 ml sample of peripheral venous blood (non-fasting) was taken, transported on ice, and centrifuged (most within 2 h). Serum was stored at -80°C until analysis. Samples were analyzed using a western blot assay (Helico Blot 2.1, Genelabs Diagnostics, Singapore), which is a qualitative assay for the detection of IgG antibodies to different H. pylori antigens in human serum or plasma.
Dietary assessment
Dietary information was obtained using the modified EPIC FFQ [22] . Habitual intake of 101 food items relating to a period 5 years before interview (pre-morbid diet) was collected. Macronutrient and micronutrient intakes were calculated using McCance and Widdowson's food composition tables [23] . Heme iron intake was calculated according to Balder et al. [24] . Briefly, the FFQ contained 17 meat and fish food items. To derive an individual serving size for each item, standard portion sizes were used [25] , and the total iron content (mg/g) of each food item was calculated accordingly [23] . Heme iron content was computed by multiplying the type-specific heme iron percentage by total iron content as follows: 65% for beef/ lamb; 39% for pork/ham/bacon/luncheon meats; 26% for chicken/fish; and 21% for liver [24] . Individual mean daily intake of heme iron was assessed by multiplying the estimated heme iron content by the mean daily intake of the relevant food items. Mean daily intake of non-heme iron intake was calculated by subtracting mean daily intake of heme iron from mean daily intake of total iron.
Serological measures of iron status
Iron status (including serum iron, ferritin, and total iron binding capacity (TIBC)) was measured in the BE cases and normal population controls, but not in the EAC cases as status could be affected by the disease process, e.g., blood loss. Serum iron and ferritin were determined using a commercially available ferene assay (Instrumentation Laboratory, Warrington, UK) and turbidimetric assay (Biokit, Barcelona, Spain), respectively; both on the ILab 600 Chemistry System (Instrumentation Laboratory, Warrington, UK). TIBC was also measured on the ILab 600 Chemistry System, using a commercially available sample pretreatment kit and a ferene assay (all Instrumentation Laboratory, Warrington, UK). Transferrin saturation (ratio of serum iron to TIBC) was calculated. Serum C-reactive protein (CRP) was measured using an ultra sensitive assay (Biokit, Barcelona, Spain), on the ILab 600 Chemistry System. The intra-assay and inter-assay coefficients of variation for all analyses was under 3% (using supplied and in-house quality control samples).
Toenail analysis of iron
Clippings from the great toe were taken, stored, and transported to the University of Missouri Research Reactor Facility, Columbia, USA, where toenail elemental concentrations were determined by instrumental neutron activation analysis, as described elsewhere [26] . Briefly, toenail samples were sealed in high-purity quartz vials, were irradiated for 50 h, allowed to decay for 6-10 days, and then counted for 4 h each using a high-purity germanium detector system. The toenail samples were co-analyzed with NIST SRM 1577 Bovine Liver and the measured value for iron (mean ± standard deviation (SD)) (257 ± 9 mg/kg) agreed well with the accepted value (268 ± 8 mg/kg). Toenail iron analysis was carried out on all three groups (EAC, BE, and normal population controls).
The 
Statistical analysis
Statistical analysis was conducted using STATA version 9.2 (Timberlake Consultants Ltd, London, UK). Dietary intakes were adjusted for total energy intake using the residual method; intakes were regressed on energy intake, residuals collected, and then added to the mean [27] . In bivariable analyses, Table 1 , comparison of descriptive statistics between cases and population controls were investigated using Student's t-tests for continuous variables and chi-squared tests for categorical variables; the ordinal variable 'smoking status' was tested using the more appropriate Mantel-Haenszel chi-squared test. Unconditional multiple logistic regression analysis was used to examine the association between measures of iron intake/ status in cases compared with population controls using both categorical (quartiles) exposure variables and continuous exposure variables, to attain odds ratios (OR) and 95% confidence intervals (95% CI). Parsimonious models were built using backward stepwise regression, where individual variables were eliminated from the saturated model in an iterative process. The fit of the model was tested using the likelihood ratio test after the elimination of each variable. Potential covariates included total energy intake (kcal/day), alcohol consumption (g/wk), body mass index (BMI) 5 years prior to the interview date (kg/m 2 ), education (years), type of occupation (manual/non-manual), non-steroidal anti-inflammatory drug (NSAIDs) use more than 5 years prior to the interview (weekly use for 6 months or more), location (Northern Ireland/Republic of Ireland), Helicobacter pylori (H. pylori) infection, and energy-adjusted vitamin C (mg/day) and fiber intakes (g/day) (confounding variables included in multivariate analysis are listed in the footnotes of Tables 2 and 3 ). Sex and age (years), the main frequency-matched variables, and smoking status (never, former, current) and GER (gastroesophageal reflux) symptoms (ever/never), given their known associations with both iron status and the risk of EAC, were included in all the multivariate adjusted models. Backward stepwise regression was chosen due to the large number of potential confounders. There were no substantial differences in the results of analysis from the fully adjusted model (data not shown). In order to test for trend, median quartile values were assigned to each subject. Subjects with raised CRP levels ([10 mg/l) were excluded from serological analyses (Tables 1 and 2 ). This CRP level ([10 mg/l) represents acute infection or inflammatory disease according to guidelines issued by the Centers for Disease Control and the American Heart Association [28] . Ferritin, also an acute phase reactant, can be raised in inflammatory states. Therefore, those with elevated CRP levels where excluded from all serological analyses.
Results
FINBAR included 224 BE patients, 227 EAC patients, and 260 population controls. Overall, 355 EAC patients were suitable for inclusion. Of these, 128 either declined to participate or died before contact was made. The participation rate of eligible, alive patients was 74%, and the overall response rate was 64%. The participation rates of BE and control subjects were 82 and 42%, respectively. Participants with BE (n = 4), EAC (n = 3), and controls (n = 4) who did not provide dietary information were excluded, leaving a maximum of 220 BE patients (98%), 224 EAC patients (99%), and 256 controls (98%) for inclusion in the analysis. Sufficient serum samples were available for a maximum of 197 BE patients (88%) and 239 population controls (92%); individual numbers analyzed for each serological marker can be found in Table 2 . Toenail samples were available for 181 BE patients (81%), 134 EAC patients (59%), and 219 population controls (84%). Although a substantial proportion of EAC cases did Table 1 . BE cases had a higher overall mean energy intake, were more likely to work in manual jobs, and received fewer years of education than controls. EAC cases had a higher BMI, higher energy intake, were more likely to work in manual jobs, were more likely to smoke, received fewer years of education, and consumed less alcohol than the controls. Both case groups were more likely to have experienced GER symptoms than controls. Controls tended to be H. pylori positive compared to either BE or EAC cases.
Barrett's esophagus
Fiber, vitamin C, total iron, and non-heme iron intakes were lower among BE cases compared with the population controls, whereas heme iron intake was higher among BE cases, Table 1 . As shown in Table 2 , BE was not associated with total iron, heme iron, or non-heme iron intakes in the multivariate models. However, a non-significant inverse association for total iron and non-heme iron intakes with BE was suggested, and a potential positive nonsignificant association for heme iron intake was also seen. BE cases had lower iron stores than population controls, i.e., lower serum ferritin and transferrin saturation levels, but higher TIBC levels, Table 1 . The multivariate models, Table 2 , indicated little evidence of an association between serum iron and BE, except for a borderline inverse association in the third quartile (OR 0.52; 95% CI: 0.26, 1.03), but there was little evidence of a trend (p for trend = 0.28). Table 2 also highlighted an inverse association for those in the highest versus the lowest quartile of ferritin (OR 0.47; 95% CI: 0.23, 0.97; p for trend = 0.02) and TIBC was positively associated with BE per 50 lg/dl increment (OR 1.47; 95% CI: 1.12, 1.92; p for trend = 0.01). BE was lower for those in the highest versus the lowest quartile of transferrin saturation (OR 0.41; 95% CI: 0.20, 0.82; p for trend = 0.01), and this association was also evident per 10% increment (OR 0.73; 95% CI: 0.58, 0.91). There was no difference in toenail iron concentrations between BE cases and controls, Table 1 ; also no association in the multivariate model, Table 2 .
Esophageal adenocarcinoma
Vitamin C and non-heme iron intakes were lower among EAC cases compared with the controls, whereas heme iron intake was higher among EAC cases, Table 1 . Neither fiber nor total iron intake differed between EAC cases and controls, Table 1 . We observed a statistically significant inverse association between total iron intake and EAC, with a borderline trend being suggested (p for trend = 0.06). Conversely, a positive association was seen for those in the 
Discussion
In this population-based case-control study of iron intakes and iron status in relation to BE and EAC, we have shown that serum ferritin and transferrin saturation were inversely associated with BE, while TIBC concentrations appeared to be positively associated; indicative that higher iron stores may have a protective association with BE. However, iron intake, regardless of type specific, was not found to be significantly associated with BE in the multivariate models, although there was a suggestion of an inverse association for total iron and non-heme iron intakes with BE, and a positive association for heme iron intake. Similarly, toenail iron concentrations, a more stable measure of iron exposure, was inversely associated with EAC, as was total iron and non-heme iron intakes; heme iron intake was positively associated with EAC. A carcinogenic role for iron has been outlined in previous studies, with an increased risk of some cancer types being suggested in individuals with higher iron stores [13] [14] [15] [16] 29] . Animal studies have also shown increased rates of EAC in rats treated with iron [10] [11] [12] ; although these models involved esophagoduodenostomy surgery and intraperitoneal injection of iron dextran, which does not fully mimic the same BE or EAC conditions and nutritional iron exposure as in humans. This may partially explain the contrasting results seen between human and animal studies thus far. It has also been shown in previous studies that patients with EAC had lower iron intakes than population controls [18, 19] , and a recent study has shown that individuals with BE had lower than average dietary iron intakes and lower iron stores than controls [20] . Individuals with BE in the present study also had lower iron stores than population controls.
Results from prior studies of heme and non-heme iron intakes and cancer risk are conflicting [24, [30] [31] [32] [33] . Lee et al. [17] reported a greater risk of upper digestive tract cancer (gastric cancer and esophageal cancer) for individuals with the highest heme iron intakes compared to those with the lowest intakes. The results of this study also found similar results with regards to heme iron intakes with both BE and EAC, although the association was most pronounced and statistically significant with EAC in the multivariate model. The opposite was observed with regards to non-heme iron intakes, but again this was only statistically significant with EAC in the multivariate model. However, it is not possible to disentangle whether these associations are due to the iron intakes per se or are proxy indicators for certain dietary or lifestyle factors; being the result of diets rich in heme and non-heme iron foods. The main dietary sources of heme iron are meat, fish and poultry, while plant based foods such as lentils and beans are good non-heme iron sources. Previous studies have shown beneficial effects of fruits and vegetables [34] [35] [36] [37] and a plant based dietary pattern [38] ; also detrimental effects of meat consumption [39] [40] [41] . Furthermore, in addition to being one of the main sources of heme iron, meat also contributes to saturated fat intake, which has been shown to be positively associated with EAC in previous studies [42, 43] ; as well as other mutagens such as N-nitroso compounds and nitrites [44] [45] [46] and carcinogens such as heterocyclic amines and polycyclic aromatic hydrocarbons [16] . Iron fortification of white and brown flour in the UK is also mandatory and is therefore an important dietary source of non-heme iron; non-heme iron intake was highly correlated with energy-adjusted fiber intake in the present study (r = 0.61, p \ 0.01). Although there are many hypothesizes which may explain the effect of heme and non-heme iron intakes on BE and EAC, additional studies that investigate the association between diet, particularly dietary patterns, and meat/meat cooking methods and risk are needed, using specifically designed questionnaire modules that are essential to elucidate these findings. Nevertheless, it will always remain difficult to segregate dietary habits from overall lifestyle and health behaviors as they are not fully measured by questionnaires.
In addition, it is well understood and accepted that FFQs are associated with exposure misclassification due to reporting errors, such as recall bias and imprecise portion size estimation [47] . It has been suggested therefore that additional independent markers of intake or status should be incorporated into studies to assess diet-disease associations. Serum or plasma is the most often used source of iron measurement in population studies; with studies reporting that ferritin may be the most accurate serologic estimate of the body's total iron stores [48, 49] . However, use of this method also has limitations as concentrations of iron can vary day-to-day. In contrast to serum or plasma measurements, toenail clippings provide a more stable measure of trace elements, such as iron, by providing a measure of nutritional status 12 months or more prior to the date of collection of the specimen; enabling the assessment of pre-diagnostic nutritional status [50] . It has been demonstrated in a study involving 127 individuals that toenail iron concentrations measured in paired samples collected from the same individual 6 years apart were significantly correlated (r = 0.43, p \ 0.05), indicating that a single measurement is reflective of long term iron status [26] . Toenail clippings are also more convenient to collect and store than blood. Toenail iron concentrations were inversely associated with EAC in the present study.
Dietary ascorbic acid has been shown to be a strong promoter of non-heme iron absorption [51] [52] [53] while fiber intake may inhibit its absorption [54] [55] [56] [57] [58] . Therefore, both ascorbic acid and fiber intakes are potential confounders of the association between iron intake with BE and EAC; a recent meta-analysis reported an inverse association between ascorbic acid intake and EAC (OR 0.49 95% CI 0.39-0.62) [59] , while an inverse association between fiber intake with BE and EAC has been consistently reported [18, 35, 43, 44, 60, 61] . The fact that ascorbic acid and fiber intakes may potentially play a role in the EAC pathway, and they both demonstrate opposing roles on iron absorption, hence iron status, they were included in multivariate models as evaluated by backward stepwise regression (see footnotes of Table 3) .
Individuals with BE in this study had lower iron stores than the population controls which may be explained by the presence of GER symptoms. Gastric acid facilitates the dissociation of iron salts from food and reduces Fe 3? to the more soluble Fe 2? to facilitate its absorption in the duodenum [62] . Therefore, use of acid suppressing medications, such as proton pump inhibitors (frequently used to combat GER symptoms) may result in decreased iron absorption [20] , leading to lower body iron stores. Although this was not clearly demonstrated in the current study since adjustment for GER symptoms in the multivariate models did not considerably alter the associations seen for either BE or EAC; except for those associations between total iron intake, including heme and non-heme iron intakes, and BE. Individuals who suffer from GER symptoms may have altered their diets in response to GER, i.e., by avoiding highfat foods (such as meat compared to fruits and vegetables), which are known to exacerbate reflux symptoms, increasing transient lower esophageal sphincter relaxation, and increasing esophageal acid exposure [63] . Additionally, heme iron (meat) absorption is five-to tenfold greater than non-heme iron (plant based foods) [64] .
H. pylori may protect against EAC [65] , and a recent meta-analysis also reported that H. pylori infection may result in a decrease in iron stores [66] . Biological mechanisms may have an effect either separately or in combination on iron stores, including gastrointestinal blood loss, decrease in the absorption of dietary iron from the lumen, and enhanced uptake of the iron by the bacterium [66] . However, H. pylori was eliminated from many of the multivariate models in the current study as evaluated by backward stepwise regression, except for total iron intake and TIBC with BE. Therefore, our results would suggest that H. pylori had little effect on iron stores within this population.
There are several strengths to this study. The FINBAR study has a relatively large sample size, is population-based and used stringent inclusion criteria throughout. Information was collected on a wide range of potential confounders such as BMI, smoking status, and GER symptoms. Another key strength of this study was the comprehensive panel of markers of iron exposure investigated, including iron intake and status assessed using both serum and toenail iron concentrations, compared to other studies.
There are also some limitations to this study including the potential for recall bias. The inclusion of independent markers of iron exposure unbiased by recall and relating to iron exposure prior to diagnosis (i.e., toenail iron concentrations) unlike previous studies is advantageous. There is also the possibility of residual confounding from unmeasured variables. Within FINBAR, the response rate of the controls was lower compared with cases, which may have introduced selection bias. Nevertheless, the mean daily intake of iron among controls (13.6 mg/day) was similar to intake reported in the North/South Ireland Food Consumption Survey (approximately 14 mg/day) [67] , suggesting that our controls are representative of the general population. Additionally, it is widely understood that the incidence of BE and EAC is higher among males than females, and this is reflected in the numbers of female and male cases recruited as part of FINBAR, Table 1 . Population controls were frequency matched by sex and 5-year age band to the distribution of EAC patients to ensure that the age and sex profile of BE patients and population controls resembled that of the EAC cases. Also, when analysis on the continuous variables for each exposure in Tables 2 and 3 was conducted in males only, the results were similar to those reported for males and females combined (data not shown). Finally, iron intake reported in this study does not include use of iron supplementation as the information collected was inadequate to identify specific supplement usage. It is possible that supplement use and dietary intake may be associated with other unaccounted for health behaviors or risk factors for EAC.
In summary, in contrast to the hypothesis that increased iron intakes and higher iron stores are a risk factor for BE and EAC, this study suggests that higher iron intakes and stores may have a protective association with BE and EAC, with the exception of what was found for heme iron intake. Results from cohort studies investigating the association between iron intake (including both heme and non-heme) and its dietary sources, along with iron status are needed to confirm these results.
